Legionella, an environmental bacterium, is a common cause of hospital-and community-acquired pneumonia. At least 47 species of Legionella have been described, of which 21 have been associated with human infection (31) . There are more environmental species (5) than pathogenic species. One species, Legionella pneumophila, is responsible for about 90% of cases of legionellosis, and serogroup (sg) 1 accounts for about 84% of cases (52) .
Infraspecific-level analytical methods are necessary to discriminate among clinical L. pneumophila sg 1 isolates and to identify environmental sources (26, 34, 41, 47) . These methods include pulsed-field gel electrophoresis (PFGE), amplified fragment length polymorphism, arbitrarily primed PCR, multilocus variable-number repeat analysis, and sequence-based typing (11, 17, 33) . PFGE typing of clinical L. pneumophila isolates reveals a large number of clones. In combination with epidemiological data, PGFE has identified several epidemiological groups of clinical strains (1): (i) sporadic strains are defined as isolates that have a unique PFGE profile and are epidemiologically unrelated, (ii) epidemic strains share identical PFGE profiles and are responsible for several cases of legionellosis at the same location over a limited period of time, and (iii) endemic isolates share identical PFGE pulsotypes but cause several epidemiologically unrelated cases (1, 25) . Some L. pneumophila sg 1 strains that colonize water sources do not appear to cause legionellosis in exposed patients (34, 35) , while others, such as epidemic strains and the endemic Paris strain, are more frequently associated with clinical cases.
MLST and sequence-based typing have been used to study long-term evolutionary relationships among strains of various bacterial genera (6, 12) , notably separating virulent and less virulent clones of Streptococcus pneumoniae sg 6 (39) . Sequence polymorphism analysis has also been applied to Legionella isolates. Ko et al. divided 79 Korean isolates, mostly of environmental origin, into six clonal populations by analyzing the rpoB and dotA genes (20) , while Bumbaugh et al. separated a collection of 17 clinical and environmental isolates into two clusters by analyzing the dotA and mip genes (2) .
Here, we used gene sequencing to study the relationship between clinical and environmental L. pneumophila sg 1 isolates and to determine whether sporadic, epidemic, and endemic isolates belong to specific lineages.
MATERIALS AND METHODS
Bacterial isolates. Legionellosis is a notifiable disease in France. The French National Reference Centre for Legionella (FNRCL) collects all clinical Legionella isolates and types them by means of conventional PFGE with the SfiI restriction enzyme (25) . PFGE banding patterns differing by less than two bands define a specific profile. These PFGE profiles, together with clinical data, are used to identify the sporadic, epidemic, or endemic nature of the isolates (1) .
For (10) . The PFGE pattern of seven isolates differed from that of the endemic Paris strain by a single band.
French environmental isolates. Twenty-eight environmental isolates were collected from hospital water distribution systems that had never been linked to cases of human infection. Six isolates had the Paris PFGE profile. The remaining PFGE profiles were absent from the FNRCL database of clinical PFGE profiles.
Gene selection. As the aims of this study were both to identify virulent lineages and to investigate evolutionary relationships among isolates, we analyzed both selectively neutral housekeeping genes and virulence-related genes. The three housekeeping genes encoded aconitase (acn), aspartate-␤-semialdehyde dehydrogenase (asd), and the RNA polymerase ␤ subunit (rpoB); the two surface protein genes coded for macrophage infectivity potentiator (mip) (3) and outer membrane surface protein (mompS) (24) . Comparison with sequence data from the Legionella genome project (http://genome3.cpmc.columbia.edu/ϳlegion/) showed that the five genes were located in different parts of the chromosome. The DNA sequences of the genes and the deduced amino acid sequences of their protein products were aligned to identify the most variable regions by using the GenBank database (http://www.ncbi.nlm.nih.gov/GenBank/). Primers were manually designed from the sequences of highly conserved regions that flanked the most variable regions (Table 1 ). Each primer pair amplified an internal fragment of the gene (about 450 bp) and permitted accurate sequencing of fragments of the same size on both strands.
Amplification and nucleotide sequencing. DNA was retrieved by standard phenol-chloroform extraction (38) . PCR was performed under standard conditions with 32 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s. An annealing temperature of 62°C was required for the asd gene fragment. PCR products were purified with a PCR 96 Cleanup kit (Millipore, Bedford, Mass.) and sequenced from both ends with a MegaBACE/1000 automated sequencer (Amersham Pharmacia Biotech, Amersham, England) and a DYEnamic ET Dye Terminator kit (Amersham Pharmacia Biotech).
Nucleotide sequence variations and phylogenetic analysis. For each Legionella isolate, the sequences of the five loci were determined, and each locus was assigned an allelic number. Alleles of the reference L. pneumophila Philadelphia strain (ATCC 33152) were numbered "1." Each single-nucleotide variation was designated by a new allelic number. The alleles at all five loci defined the allelic profile, which corresponded to the sequence type (ST). The STs were assigned arbitrary numbers in order of description. For each polymorphic site, synonymous and nonsynonymous base pair substitutions were identified, and the d S /d N ratio of synonymous to nonsynonymous base pair substitutions was calculated by using the SNAP program (available at http://www.hiv.lanl.gov/content/hiv-db /SNAP) based on the method of Nei and Gojobori (22, 30) . The gene sequences were aligned with the multiple-alignment program ClustalX (49) , and amino acid sequences were deduced with Gene Jockey software (Biosoft, Cambridge, England). A phylogenetic tree was computed with ClustalX by using the neighborjoining method applied to Kimura's two-parameter distances between pairs of DNA sequences. The tree was drawn with the NJplot program, and bootstrap confidence levels were determined by randomly resampling the sequence data 1,000 times (32) . The index of association (I A ) was calculated as described previously by Smith et al. (45) . The five individual gene data sets of the 178 L. pneumophila sg 1 isolates were compared statistically for incongruence by using the incongruence length differences (ILD) test (8) . The ILD test was performed by using the PAUP* package with 100 random bipartitions of the data for each test (48) .
Discrimination index. Simpson's index of diversity (IOD), defined as the probability with which two isolates chosen at random will be of a different type, was used to estimate the discriminatory capacity of the typing method (16, 44) . The following unrelated strains were included: the reference L. pneumophila sg 1 Philadelphia strain (n ϭ 1), all EWGLI isolates, all sporadic strains (n ϭ 54), one randomly chosen epidemic strain per outbreak (n ϭ 7), all epidemiologically unrelated endemic Paris strains (n ϭ 25), Axa strains (7 Axa a and 3 Axa b strains), and Bordeaux strains, defined as one isolate per town or, when several isolates were available from a given town, one community-acquired isolate and all epidemiologically unrelated hospital-acquired isolates. Confidence intervals for discriminatory indices were calculated as previously described (13) .
Nucleotide sequence accession numbers. The sequences of all alleles of acn (17), rpoB (13) , asd (15) , mip (15) , and mompS (17) have been deposited in GenBank (National Center for Biotechnology Information, Bethesda, Md.) under the accession numbers given in Fig. 1 .
RESULTS
Sequence diversity. Nucleotide sequences were obtained for all five gene fragments for all Legionella isolates. The size of the sequenced fragments was between 402 and 485 bp, and the number of alleles ranged from 14 to 17 ( Table 2 ). The number of polymorphic sites ranged from 14 to 35, and the minimal and maximal numbers were observed for the mip and mompS genes, respectively. There were no preferential regions of polymorphic sites on the gene fragments, except on the mip gene (polymorphic sites started at nucleotide number 112). The polymorphisms for the outgroup (ST20) and for three environmental isolates (ST60, ST61, and ST46) were too numerous to be shown in Fig. 1 , except for mip gene, which contained seven identical polymorphism sites for the four STs. The percentage of polymorphism sites for specific alleles of these four STs ranged from 5 to 10% for the four other genes (except for allele 10 of asd and allele 17 of acn, which contained less than 2% polymorphism). The d S /d N values were Ͼ1 for four genes, indicating that the number of synonymous substitutions (selectively neutral) was larger than the number of nonsynonymous substitutions (subject to positive selection) ( Table 2 ). The d S /d N ratio could not be calculated for the mip gene because the proportion of synonymous or nonsynonymous substitutions was Ն0.75 in some alleles, and the Jukes-Cantor transformation could not be applied (Table 2 ) (http://www.hiv.lanl.gov /content/hiv-db/SNAP).
Comparison of PFGE and gene sequence analysis. Sequence-based strain identification was generally in keeping with PFGE-based typing results. A total of 69 STs were ob- A number of sporadic isolates originating from distinct regions of France and having different PFGE profiles had the same STs: six isolates were ST9, three were ST 29, and two were ST37. Two sporadic isolates from Lyon were ST11 and had closely related PFGE profiles. The 15 EWGLI isolates had eight different STs; seven isolates with a PFGE profile close to the Paris profile were ST2, while the other eight isolates with unique PFGE profiles yielded seven different STs. The 28 environmental isolates yielded 14 different STs. Two environmental isolates had an identical PFGE profile ("Lens environmental") but different STs (ST33 and ST34). Eleven environmental isolates were ST2; of these, seven had the Paris PFGE profile and four had unique PFGE patterns. The outgroup L. pneumophila sg 7 strain was ST20. Phylogenetic analysis. The phylogenetic tree constructed from the sequences of the five gene fragments identified two major clusters (A and B [ Fig. 2]) ; 150 clinical isolates and 25 environmental isolates were contained in the two clusters. A large subcluster (cluster A1) was formed by 120 strains which were poorly differentiated and whose order of divergence was not significantly resolved. This subcluster comprised 34 French sporadic strains, all 49 French clinical ST2 isolates, the 7 European EWGLI strains with ST2, and 4 EWGLI strains with other STs. This subcluster also included nine isolates originating from the three outbreaks in Lyon, Sarlat, and Besançon. Eleven environmental isolates with ST2 and six environmental isolates with other STs were also included in cluster A1. Two smaller subclusters (A2 and A3) were closely related to cluster A1. Subcluster A3 (11 isolates) comprised eight sporadic isolates, two isolates from the Bordeaux outbreak, and one EWGLI isolate. Subcluster A2 comprised only two sporadic clinical isolates. Cluster B corresponded to a subset of 42 isolates equally distributed among the different epidemiological types as follows: 11 sporadic strains, the 12 Axa a and Axa b endemic strains, 8 epidemic isolates from the Rennes and Montparnasse outbreaks, 2 EWGLI strains, and the reference Philadelphia strain, ATCC 33152. In addition, eight environmental isolates of ST1, ST32, ST33, and ST34 were included in cluster B. Three environmental strains and the L. pneumophila sg 7 outgroup strain segregated separately from clusters A and B.
ILD tests were conducted to determine whether asd, acn, rpoB, mip, and mompS data sets were coalescent together or not (8) . The results of the ILD tests for 10 combined data sets were significantly incongruent (P Ͻ 0.01).
The level of linkage disequilibrium between alleles was assessed in terms of the I A (45) . An I A of 2.66 (Ϯ0.101) was obtained when all 179 isolates were included. When one isolate from each of the 69 STs was included, the I A was 1.14 (Ϯ0.184). The I A for cluster A (A1, A2, and A3) and cluster B were calculated separately. The I A was significantly greater than zero for cluster A (3.10 Ϯ 0.112), and an I A of 0.01 (Ϯ0.211) was obtained for cluster B. These results suggested that the population structure was clonal, except for cluster B, which seemed to show a sexual population structure.
DISCUSSION
Legionnaires' disease is generally sporadic, but large outbreaks (4, 9) and endemicity (1, 26, 29) are regularly reported. It is unclear whether the particular epidemiological characteristics of clinical cases are due to strain variability in terms of environmental adaptation, virulence factors, or other mechanisms. The sporadic, epidemic, or endemic nature of Legionella isolates is determined on the basis of their PFGE patterns and epidemiological data (1). Environmental isolates with typing profiles that have never been associated with human infection have also been described previously (34, 35, 50) . It is unclear whether clinical strains are more pathogenic than environmental strains. In this study, we sought a relationship between the genetic background and clinical or environmental origin and also investigated the possible relationship between genetic background and the epidemiological type of clinical isolates by analyzing the sequences of five genes (rpoB, asd, acn, mompS, and mip) in a large collection of isolates previously characterized by PFGE and epidemiological investigations. The results of gene sequence analysis were generally in keeping with PFGE results: isolates with identical PFGE profiles generally had the same ST, and isolates with unique PFGE patterns were generally confined to unique STs. However, several exceptions were observed: strains with identical STs sometimes had different PFGE patterns, and vice versa. The discriminatory power of sequence polymorphisms in the rpoB, asd, acn, mompS, and mip genes (IOD, 97.9%) was close to that of PFGE (IOD, 99.4%) when calculated by using a single Paris strain (1) . However, the IOD of gene sequence polymorphisms fell to 90.9% and that of PFGE fell to 91.6% when we included 25 French and 7 European isolates of the endemic Paris clone that had the same ST (ST2). We chose to include a large number of Paris isolates in the study because this strain predominates in France, accounting for 12% of cases of legionellosis (1), and PFGE typing does not allow for discrimination. A gene sequence-based typing method was recently developed by Gaia et al. (11) using the partial sequences of three genes under probable selective pressure (mompS, proA, and flaA) and was used to type L. pneumophila sg 1 isolates. When combined, these three genes gave an IOD of 92.4%, which is sufficiently correct for interpretation (11, 16) . We obtained a similar IOD when a large number of endemic Paris PFGE profile isolates were included, confirming that our choice of genes permitted satisfactory discrimination. When only one Paris isolate was included, the IOD increased to 97.8%, indicating the major impact of endemic strains on epidemiological studies. Indeed, our gene sequence analysis identified several new endemic strains such as ST9 (six strains with different PFGE profiles). In contrast to the objectives of Gaia et al., who sought to develop a typing method, our objectives were to analyze potential relationships between strains of different origins and to identify virulence-linked lineages. The extent of recombination events in the population is important when interpreting a potential genetic relationship between bacterial strains (45, 46 ). We therefore assessed the level of recombination in our L. pneumophila sg 1 population by using the I A (45) . The I A results should be treated with caution, as only five loci were analyzed, but the population appeared to be clonal, as the I A value was significantly higher than zero, indicating that recombination events were rare in the clinical and environmental strain population. Evidence of clonality persisted when a single isolate from each ST was included in the analysis, allowing us to rule out an epidemic population structure. These data confirm those of previous studies (2, 20, 43, 45) . Surprisingly, when the I A was calculated separately for each cluster (A and B), cluster A was clonal, while cluster B had a sexual structure. Cluster B comprised various clinical and environmental isolates of different geographical origins. Interestingly, this cluster included epidemic Rennes a and b isolates with two closely related PFGE profiles as well as several epidemic Axa a and b isolates, also with two closely related PFGE profiles.
The construction of the phylogenetic trees was justified by the I A values significantly greater than zero (45) . The trees derived from each of the five genes were not fully congruent with the global tree (data not shown), and the ILD test revealed significant differences in the phylogeny of the five genes, indicating that recombination events might have occurred. All of this suggest that some recombination occurred during the evolution of the compared strains (as assessed by the ILD test, which is a very sensitive test) but that a majority of strains had a clonal evolution (reflected by the positive I A test), except for cluster B, whose features indicate a high level of recombination. Recent sequence-based studies focusing on limited numbers of loci (dot/icm, rpoB, and mip) suggest that L. pneumophila has an intermediate level of clonality but that horizontal transfer events may occur (2, 15, (18) (19) (20) .
We then investigated whether the clinical or environmental origin of the isolates was linked to a specific genetic background. The phylogenetic tree inferred from sequence polymorphisms of the five genes identified two groups: a large cluster (A) of 133 poorly differentiated strains, with two smaller clusters (A2 and A3) that were unrelated to each other, and a second large cluster (B) containing 42 strains. The environmental isolates were found in both large groups but not in the small subclusters A2 and A3. Thus, gene sequence analysis failed to segregate either clinical or environmental strains. These results confirm the results of the Bumbaugh et al. study of the dotA and mip genes in a smaller collection of isolates, in which the two observed clusters were not linked to the geographical location or source (2) .
The link between epidemic isolates and a specific genetic background has been discussed for several bacterial species (7, 28) . For example, despite the broad diversity of natural populations of L. monocytogenes, only two clones, identified by their genetic backgrounds, have been responsible for most major outbreaks in recent decades in Europe and North America (40) . PFGE analysis grouped clinical and environmental strains of Salmonella spp. into distinct clusters, and DNA sequence analysis of the manB gene also separated clinical and environmental strains (23) .
We examined whether the epidemiological type of L. pneumophila sg 1 strains was linked to a specific genetic background. The epidemic, endemic, or sporadic nature of the isolates could not be distinguished on the basis of polymorphisms in the five genes. These findings suggest that discrete markers not restricted to a subset of closely related L. pneumophila sg 1 strains might be capable of explaining the pathogenic nature of epidemic and endemic strains. Such markers may correspond to virulence-associated factors or to elements providing increased environmental adaptation. Putative genetic candidates for distinguishing virulent L. pneumophila clones from nonvirulent clones, such as pathogenicity islands (e.g., the lvh region encoding a type IV secretion system) (42) and an unstable 30-kb genetic element (27) which is excised from the chromosome in nonvirulent strains, have been described in the literature. Adaptation to the intracellular environment is a key determinant of virulence acquisition by Legionella (14) . Thus, genes involved in the initial steps of cell invasion, such as the mompS and mip genes, were good candidates to explain better adaptation to the human host. The 25-kDa Momp protein of L. pneumophila is a membrane protein involved in host-cell recognition, which plays a major role in the virulence of the organism for the chicken embryo (24) . The mip gene encodes a homodimeric cell surface protein required for early intracellular survival both in protozoa and in human macrophages and monocytes (3, 21, 37, 51) . Analysis of the DNA sequences showed that the allelic diversity was similar and that the d S /d N ratio was Ͼ1 for the three housekeeping genes (rpoB, asd, and acn) and mompS, suggesting that it is involved in some housekeeping function. The mip gene displayed a similar total number of substitutions, although these were preferentially situated in a particular part of the fragment coding for the C-terminal FK506-binding protein-homologous domain (21) , whose exact role in vivo remains to be elucidated. However, it is unclear whether this gene is involved directly in pathogenesis or is also involved in biosynthetic or metabolic processes, since it is present in all strains regardless of their virulence (36) .
In conclusion, we sequenced five genes in a panel of L. pneumophila sg 1 clinical and environmental isolates in order to determine whether sporadic, epidemic, and endemic isolates of L. pneumophila sg 1 and environmental isolates belong to specific lineages. We found that clinical and environmental isolates could not be distinguished on this basis. Likewise, no association between genetic background and epidemiological type was found, suggesting that other factors might be responsible for differences in pathogenicity.
